Females increase their risk of mating with heterospecifics when they prefer the traits of conspecifics that overlap with traits found in heterospecifics. Xiphophorus pygmaeus females have a strong preference for larger males, which could lead to females preferring to mate with heterospecific males; almost all sympatric X. cortezi males are larger than X. pygmaeus males. In this study, we show that X. pygmaeus females preferred the chemical cues from conspecifics over those of X. cortezi males. However, preference for the chemical cues of conspecifics could not reverse the preference for larger heterospecific males. Only when females were presented with two species-specific cues (vertical bars and chemical cues) did more females spend more time on average with the smaller conspecific males. These results support the ''backup signal'' hypothesis for the evolution of multiple preferences; together, the two species-specific cues increased the accuracy with which females were able to avoid heterospecific males. In addition, the results suggest that in those situations in which the traits of conspecifics overlap with traits found in heterospecifics, females can use the assessment of multiple cues to avoid mating with heterospecifics without compromising their preference for the highest-quality conspecific.
T he interaction between multiple mating preferences is an important, yet poorly understood aspect of mate choice. Females have been shown to choose among males within a species based on several different kinds of male traits, which can lead to sexual selection favoring these traits (for review, see Andersson, 1994) . In addition, some mating preferences function in species recognition, as females use various male traits to choose conspecifics rather than heterospecifics as mates. Generally, sexual selection and species recognition reinforce one another; the mechanisms of mate recognition often seem to be based on sexually selected traits (for review, see Andersson, 1994; Ryan and Rand, 1983) . However, these two components of mate choice may not reinforce one another (e.g., they conflict) when females have preferences for traits of conspecifics that overlap with traits of heterospecifics (Pfennig, 1998) . In this situation, females with preferences for the sexually selected male trait may risk mating with heterospecifics. One possible outcome is a compromise: selection could reduce female preference for the sexually selected trait that overlaps with the heterospecific trait, thereby diminishing the risk of heterospecific matings but also the benefits of mating with high-quality conspecifics (Gerhardt, 1994; Pfennig, 2000) . Another possibility is that females could assess multiple species-specific cues, which would allow females to maintain the preference for the sexually selected trait without the risk of mating with a heterospecific (Pfennig, 1998 ).
An increased interest in multiple mating preferences has produced an increase in the number of hypotheses concerning the evolution of multiple preferences. Both the ''multiple message'' hypothesis (Johnstone, 1996; Møller and Pomiankowski, 1993) and the ''back-up signal'' hypothesis (Johnstone, 1996) seek to explain the benefits that might be involved in assessing multiple cues in mate choice. The multiple message hypothesis suggests that multiple male cues provide females with information about different male conditions, whereas the backup signal hypothesis (similar to the ''redundant signal'' hypothesis; Møller and Pomiankowski, 1993) suggests that each signal gives a partial indication of a single male condition, and together, they function to increase the accuracy of assessment. Schluter and Price (1993) argued that if females can assess two male signals that provide them with information about the same male condition, then they should use the one signal that is the most honest and detectable, assuming that the cost of mate choice increases with the number of traits assessed. This argument would support the ''unreliable signal'' hypothesis (Møller and Pomiankowski, 1993) as an explanation for multiple male traits that appear to provide the same information in many systems, rather than the back-up signal hypothesis. Under the unreliable signal hypothesis, males may have multiple displays or signals; however, only one provides reliable information about a particular male condition. Therefore, females are predicted to have weak preferences for all but the one reliable trait unless the preferred traits provide information about different male conditions. Although there are growing numbers of both theoretical (Iwasa and Pomiankowski, 1994; Johnstone, 1995 Johnstone, , 1996 and empirical studies (see Brooks and Couldridge, 1999; Dale and Slagsvold, 1996; Kü nzler and Bakker, 2001) suggesting that multiple mating preferences can select for multiple male traits, few empirical studies have explicitly tested these competing hypotheses by examining how female preferences interact (see Kü nzler and Bakker, 2001) . A powerful empirical method to distinguish between the backup signal hypothesis and the unreliable signal hypothesis is to examine how preferences change when females are allowed to assess one compared with two male traits that provide the information about a single male condition. While the backup signal hypothesis suggests that accuracy of assessment should increase with more than one signal, the unreliable signal hypothesis would not.
In the current study, we examined the interaction between multiple mating preferences in the swordtail fish Xiphophorus pygmaeus. This is a particularly interesting system in which to study multiple preferences because females have a preference for large male size (Morris et al., 1996; Ryan and Wagner, 1987) , which alone would drive them to mate with larger sympatric heterospecifics (X. cortezi; Hankison and Morris, 2002) . In addition to body size, X. pygmaeus and X. cortezi differ in a pigment pattern, vertical bars, found only in X. cortezi. This pigment pattern would appear to aid X. pygmaeus females in species recognition, as X. pygmaeus females preferred barless males to naturally barred males when size was held constant (Hankison and Morris, 2002; Morris, 1998) . However, the presence of vertical bars did not result in a significant preference for smaller conspecifics compared with the larger X. cortezi males (Hankison and Morris, 2002) . Therefore, we were interested in determining if X. pygmaeus females could avoid mating with heterospecifics while retaining their preference for large conspecifics by assessing more than one species-specific cue. First, we determined if X. pygmaeus assessed chemical cues when choosing between conspecifics and sympatric X. cortezi males. Second, we determined if the assessment of two (vertical bars and chemical cues) compared with one (chemical cues) species-specific cue could decrease the chances of females spending more time with larger heterospecific compared with smaller conspecific males.
METHODS
We collected X. pygmaeus from the Rio Huichihuayan at La Y Griega Vieja and X. cortezi at the arroyo La Conchita, San Luís Potosí, Mexico. To allow individual identification, we isolated X. pygmaeus and X. cortezi into same-sex, same-species 37.85-l tanks, divided into thirds by using Penn Plex dividers (with the exception of males used in stimulus tanks). Fish were isolated from the opposite sex for at least 1 week before testing and were fed TetraMin flake food once per day.
We tested the same 15 females in all of the following three experiments to control for variation among females. Size of the females ranged from 23.6-28.4 mm, (mean 6 SE, 25.5 6 0.33 mm). To control for the possibility of carryover effects between experiments, females were not tested more than once in a 7-day period, and many females (nine of 15) were never tested more than once in a 2-week period. We tested for the possibility of habituation by comparing differences in the total time spent with males across the three experiments. In addition, the order in which the experiments were conducted (experiment 1, single cue; experiment 2, two cues; and experiment 3, three cues) ensured that females were not simply preferring a cue owing to its association with another cue in the previous experiment.
Experiment 1: chemical cues
Chemical cues are traits that potentially function in species recognition in these fish. X. pygmaeus have been shown to prefer chemical cues from conspecific males to those from allopatric heterospecific males of the closely related species X. nigrensis (Crapon de Caprona and . Therefore, X. pygmaeus females may use chemical cues to discriminate between conspecific and sympatric X. cortezi males.
We used four 20.82-l aquaria as chemical stimulus tanks. As the factors that influence the strength of chemical cues in these fishes are unknown, we attempted to control for strength of chemical cues in two ways. First, males were held in the stimulus tanks for at least 24 h before trials to fully saturate the water with chemical cues. Second, as size and weight difference between X. pygmaeus and X. cortezi males could influence chemical cue strength, two X. cortezi males and six X. pygmaeus males (which was approximately the same volume as the two X. cortezi males) were used per chemical stimulus tank to help control for these factors. We covered each stimulus tank to minimize contamination by airborne odors.
We conducted female choice tests in the center three fifths of two large aquaria (120 3 40 3 32 cm). The center area was isolated from the ends of the tank by glass dividers. We did not use the end compartments during experiment 1. Markings on the sides of the tank divided the central section into three sections: two end ''choice'' sections and a neutral zone in the middle. The neutral zone in the middle of the choice tank allowed females the option of not associating with stimulus water from either species. Stimulus water from the olfactory tanks flowed through 5-mm aquarium tubing to glass pipette tips. The pipettes directed the stimulus water into opposite ends of the choice tank (Figure 1 ). Attaching the tubing to an adjustable airflow valve controlled flow rate. In one choice tank, the stimulus water from X. pygmaeus entered on the right side of the tank and stimulus water from X. cortezi on the left. The second choice tank had the opposite setup, with stimulus water from X. pygmaeus entering on the left and from X. cortezi on the right. Pretest trials using dyed water in the stimulus tanks showed that flow was symmetrical at the two sides of the tank. Some water from the stimulus tanks did flow into the ''neutral zone''; however, the flow was minimal and would have biased the results towards no preference for chemical cues, as opposed to a preference for one cue or the other.
We randomly assigned females to begin the test in one of the two choice tanks, and then placed females in an opaque tube (diameter, 8 cm) in the center of the tank. The flow of stimulus water into the choice tank began at the start of a 10-min acclimation period so that the chemical cues would be present in the choice tank when the female was released. Stimulus water continued to flow into the choice tank until the test was complete.
After the female acclimated for 10 min, she was released, and we recorded the time she spent in each outer section, corresponded to chemical cues from either X. pygmaeus or X. cortezi, during the 20-min test. We have assumed that time associating with a stimulus is a good measure of mating preference based on studies of two other fish species: Time associating with a male has been shown to indicate preference to mate in the closely related swordtail X. nigrensis (Morris et al., 1992; Ryan et al., 1990 ) and in another live-bearing fish in which males use similar mating tactics to X. pygmaeus (Bisazza et al., 2000) . We then switched the female to the opposite tank, and the procedure was repeated. As one choice tank had stimulus water from X. pygmaeus entering on the left side and the other tank had stimulus water from X. pygmaeus entering on the right, retesting the same female after switching tanks corrected for a side bias not related to the chemical cues. After each test, choice tanks were cleaned according to the methods of McLennan and Ryan (1997) by draining and scrubbing the tanks with soap and a hydrogen peroxide solution. Tanks were then thoroughly rinsed with water.
Experiment 2: chemical cues and body size
In experiment 2, we allowed females to assess both chemical cues and the visual cue body size while making a choice between a large heterospecific X. cortezi male and a small conspecific. This experiment was performed in the same manner as experiment 1, except we placed a X. pygmaeus male and a barless X. cortezi male into the end compartments (unused in experiment 1) to provide visual stimuli in addition to chemical stimuli. X. pygmaeus females allowed to choose between equally sized X. pygmaeus and X. cortezi males showed no preference for males of either species, indicating that size, not courtship, appeared to be the important trait (Hankison and Morris, 2002) . X. pygmaeus males were always placed in the same side of the choice tank as the X. pygmaeus stimulus water, and X. cortezi males were always placed with X. cortezi stimulus water. Fifteen X. pygmaeus males and 15 X. cortezi males were randomly paired and assigned to a female. All X. pygmaeus males used in visual tests were at least 3.0 mm smaller than their X. cortezi counterpart (range of differences between male pairs, 3.0-10.2 mm; mean difference in standard length 6 SE, 7.5 6 0.6 mm).
Experiment 3: chemical cues, body size, and vertical bars
In the final experiment, we allowed females to assess chemical cues and the visual cues of body size and vertical bars. We conducted this experiment in the same manner as the previous two and used the same pairs of stimulus males from the second experiment. In contrast, in this experiment we applied four vertical bars to each side of the X. cortezi males by using the antiseptic dye Blu-Kote before each test, following the procedure outlined in the methods of Hoefler and Morris (1999) . This procedure involves carefully drying and then painting bars onto a live fish with Blu-Kote, a temporary dye that closely mimics the natural color of X. cortezi bars (Hoefler and Morris, 1999) . The X. pygmaeus males were treated in a similar manner in every respect; however, instead of painting on bars with the dye, the males were brushed with water.
Data analysis
First, we examined the possibility that females were habituating to the stimuli across experiments by comparing the total time spent with males across experiments with a repeated-measures ANOVA. We also examined the possibility that the difference in the amount of time that females spent with either species was related to the difference in size between stimulus males within each experiment with linear regressions. We then determined if there were significant preferences within each experiment by comparing the mean times females spent with the cues of each species with paired t tests, as well as the number of females that preferred the cues of each species with paired sign tests. We also determined if there were differences in the strength of female preference for conspecific cues (time with conspecific cues 2 time with heterospecific cues) across all three experiments with a repeated-measures ANOVA. Finally, to examine the possibility that individual females were responding to the combinations of cues in different ways, we used an equality-of-variances F test with Bonferroni corrections (a adjusted 5 a/k, where k 5 no. pair-wise comparisons) to compare variance among experiments. As the same females were used in all three experiments, and the same pairs of stimulus males were used in experiment 2 and 3, an increase in variation from one experiment to the next would suggest that individual females were responding differently to the various combinations of cues presented. Before comparing the variances, we transformed our data using a log-ratio transformation, which converts the data to the log of the ratio of the proportions. All zero values were converted to 0.01 (seconds) before log-ratio transformation, as log-ratio transformation causes zero values to be undefined.
RESULTS
We did not find any evidence to suggest that females were habituating to the stimuli across experiments. There was no significant difference in the total times females spent with males across experiments (repeated-measures ANOVA: F 2,28 5 1.88, p 5 .17).
In addition, there was no evidence to suggest that difference between the size of the stimulus males was related to difference in the amount of time that females spent with either species (linear regression: experiment 1: F 1,13 5 0.001, r 2 5.00, p 5 .97; experiment 2: F 1,13 5 1.92, r 2 5 .13, p 5 .19; and experiment 3: F 1,13 5 0.84, r 2 5 .06, p 5 .38). X. pygmaeus females spent significantly more time with the chemical cues from X. pygmaeus males compared with the chemical cues from X. cortezi males (experiment 1: paired t test, t 5 2.9, N 5 15, p 5.01; Figure 2a ). In addition, more females spent more time with conspecifics chemical cues (N 5 11) than with heterospecifics chemical cues (N 5 4), but this difference was not statistically significant (paired sign test, p 5 .1). When we presented females with the visual cue body size (smaller X. pygmaeus males and larger X. cortezi males) and the respective chemical cues, we did not detect a population level preference for X. pygmaeus or X. cortezi cues in either the total time spent with males of each species (experiment 2: paired t test: t 5 20.90, N 5 15, p 5 .4; Figure 2b ) or in the number of females spending more time with each species (X. pygmaeus, N 5 6; X. cortezi, N 5 9; paired sign test, p 5 .6). However, when we added vertical bars to the X. cortezi males, allowing females to assess body size, chemical cues, and vertical bars, X. pygmaeus females spent significantly more time with conspecifics than with heterospecifics (experiment 3: paired t test, t 5 2.1, N 5 15, p 5 .05; Figure 2c ), and more females spent more time with conspecifics (N 5 12) compared with heterospecifics (N 53; paired sign test, p 5.04). In addition, there was a significant difference in female's strength of preference across experiments (repeated-measures ANOVA: F 2,28 5 3.51, p 5 .04). These results strongly suggest that when vertical bars and chemical cues are assessed together, they reduced the chances of X. pygmaeus females mating with the larger X. cortezi males.
The strength of preference for each female in each experiment is shown in Figure 3 . If some females had a stronger preference for large body size and others had a stronger preference for chemical cues, then the variation in experiment 2 should have been greater than in experiment 1. In addition, if some females rely more on vertical bars in species recognition and others on chemical cues, then the variance in preference should be higher when females were allowed to assess only one species-specific cue in conjunction with body size (experiment 2) compared with two (experiment 3). The variance in strength of preference in experiment 1, which examined preference for chemical cues alone, did not differ from the variance in experiment 2, which examined preference for body size and chemical cues presented concurrently (Table 1) . However, the variances in experiments 1 and 2 were significantly greater than in experiment 3, which examined female preference based on body size, vertical bars, and chemical cues (Table 1) .
DISCUSSION
Female preference for large males in X. pygmaeus could lead to heterospecific matings with the larger sympatric species X. cortezi (Hankison and Morris, 2002) . X. pygmaeus females preferred the chemical cues from conspecific males over those from sympatric X. cortezi males, suggesting that they use chemical cues in species recognition. And yet, we found that the preference for the chemical cues we provided was not strong enough to reverse the preference for heterospecific males, even when the larger males were associated with heterospecific odors. Previously, it had been shown that the pigment-pattern vertical bars functioned in species identification (Hankison and Morris, 2002; Morris 1998) , but this cue could not reverse the preference for larger heterospecifics (Hankison and Morris, 2002) . Only when we allowed females to assess vertical bars in addition to chemical cues did X. pygmaeus females demonstrate a significant preference for conspecific males. Therefore, vertical bars and chemical cues appear to function together to convey additional information about species identity. These results support the predictions of the backup signal hypothesis (Johnstone, 1996) , as preference for multiple species-specific cues increased the accuracy of assessment of species identity. In addition, the results suggest that the assessment of multiple male traits can allow females to avoid a compromise between sexual selection and species recognition, as suggested by Pfennig (1998) ; X. cortezi females maintain their preference for the largest conspecific males without risk of mating with heterospecifics by assessing multiple species-specific cues.
Although X. pygmaeus and X. cortezi can produce viable hybrids in some laboratory conditions, hybrids have not been detected in the field (Gordon, 1953; Hubbs and Gordon, 1943; Morizot DC, personal communication) , even though the two species are found syntopically (Hankison and Morris, 2002) . If mating preferences play a role in maintaining the reproductive barrier between these two species, preferences demonstrated in the laboratory need to result in mate choice in the field. X. pygmaeus males use a ''sneak-chase'' mating behavior instead of courtship (Ryan and Causey, 1989) ; however, it has been demonstrated that even in systems in which males use coercive mating exclusively (e.g., the eastern mosquito fish, Gambusia holbrooki), females can still exert control over mating (Bisazza et al., 2000) . There is evidence for X. pygmaeus that females have the opportunity to exhibit mate choice in the field; no male-male competition was observed, and female behavior included chasing some males and engaging in tight circling behavior with others (Hankison and Morris, 2002) . Currently, we have no information concerning costs of hybridization between these two species or potential benefits to mating with larger males, and therefore, we are unable to hypothesize about the processes that may be driving the evolution of these preferences (see Andersson, 1994) . However, the lack of natural hybridization, the opportunity for mate choice, and the mating preferences documented in this study suggest that female mating preferences are an important component of the reproductive barrier between these two species. It has been argued that females should evolve preferences for a single ornament that has the highest combination of honest information and detectability (Schluter and Price, 1993) . Therefore, the fact that X. pygmaeus females are using two independent cues to assess species identification is particularly interesting for at least two reasons. First, it provides evidence that females will assess multiple cues even if they provide information about the same male condition (in this case, species identity). And second, it suggests that females will assess species-specific cues even if they are not completely reliable. X. cortezi males are polymorphic for the vertical-bar pigment pattern (Rauchenberger et al., 1990) , and therefore, although the presence of vertical bars reliably indicates a heterospecific, the lack of vertical bars does not indicate a conspecific. The fact that vertical bars are not present on all X. cortezi males suggests that in some situations, X. pygmaeus females are either relying completely on chemical cues for species identification or are assessing an additional speciesspecific cue. Although the percentage of males without bars is almost half in some populations of X. cortezi (data not shown), the percentage of males without bars in the populations where X. cortezi are sympatric with X. pygmaeus is not known.
Pfennig (1998) suggested several different mechanisms by which selection could work to reduce the possibility of heterospecific matings in situations in which females prefer traits of conspecifics that overlap with traits of heterospecifics. For example, selection may favor a compromise by reducing female preference for the highest-quality conspecific. Gerhardt (1994) presented evidence to suggest that the grey treefrogs Hyla versicolor and H. chrsoscelis avoid mating with heterospecifics by reducing their preference for call duration (a cue that mediates intraspecific mate choice) in sympatry compared with allopatry. Shifting female preference away from a trait that could indicate a high-quality conspecific to reduce the cost of mating with heterospecifics could increase the cost of mating with a lower-quality conspecific. Pfennig (2000) detected a similar shift in the preferences of spadefoot toads in sympatry, and although the shift reduced the probability of heterospecific matings, there was a cost to mating with the lower-quality conspecific males of reduced fertilization success. The assessment of multiple speciesspecific cues could allow females to avoid mating with heterospecifics without the same compromise. By assessing more than one species-specific cue, X. pygmaeus females may be able to avoid mating with heterospecifics, while at the same time maintaining their strong preference for larger conspecifics. Whether the risk of mating with heterospecifics is avoided by shifting female preference to lower-quality conspecifics or by the assessment of additional species-specific cues will more than likely depend on the costs of assessing multiple cues; the cost of assessing multiple cues would have to be balanced against the benefits of retaining the preference for the highest-quality conspecific males.
The lack of a population-level preference for conspecifics when chemical cues and body size differences were presented concurrently could be owing to the preferences for body size and chemical cues interacting in one of two ways. First, the preferences for large male size and conspecific chemical cues may cancel each other out when heterospecifics are larger and may result in females displaying no preference between smaller conspecifics and larger heterospecifics. Second, individual females may respond differently to the combination of these two cues, some retaining a preference for conspecific chemical cues, others for large body size. As we did not test females repeatedly in the same experiment, we cannot determine if variation among individuals played a role within an experiment. We did, however, test the same females in all three experiments, and so, we compared variation in the strengths of preferences across experiments to determine if individual females responded differently to the various combinations of cues presented. There was a substantial increase in variation between experiment 1 (chemical cues alone) and experiment 2 (chemical cues and body size), which might suggest that some females had a stronger preference for chemical cues and others for body size. However, the increase in variation was not statistically significant, and therefore, it would clearly be interesting to examine this issue further with a larger sample size.
Variation among females might also be important in determining how preferences for the two species-specific cues interact. Determining if the two cues function as ''backup'' (and increase accuracy of assessment) may depend on the level of analysis (i.e., population or individual females). Although the population of X. pygmaeus females improved their discrimination when being allowed to assess two cues compared with one (supporting the backup signal hypothesis), it is possible that some females were relying on chemical cues and others on vertical bars, and only when both cues were presented together did a significant number of females spend more time with conspecifics. The variance in strength of preference was significantly greater in the experiment with one species-specific cue (experiment 2) compared with two (experiment 3), which lends support to the hypothesis that individual females were only using one species-specific cue. Therefore, further study is needed to determine if the preferences in X. pygmaeus support the backup signal hypothesis or if this population is polymorphic for the preferences used in species recognition, with individual females relying on one or the other species-specific cues. If this were a polymorphism, it would not necessarily be evidence to support the unreliable signal hypothesis, as presumably both cues are being used, just not by the same females. However, a polymorphism in female preference for the species specific cues could suggest a cost to assessing multiple species-specific cues.
Finally, it is important to remember that female preferences may be constrained by environmental conditions (e.g., Gerhardt and Klump, 1988; Seehausen et al., 1997) , and therefore, laboratory results may not accurately reflect how females use multiple male traits in the field. For example, if chemical cues were sufficient to identify the correct species in the laboratory, it might be assumed that the vertical-bar pigment pattern is an unnecessary cue that females do not assess for species identification. However, if females were sometimes unable to assess chemical cues in the field (i.e., when males are downstream from the female), vertical bars would function as reinforcing, or backup, cues in this context. Therefore, the consideration of the natural environment in which mate choice occurs is an important step toward not only defining the way in which multiple preferences interact but also in distinguishing between the support for competing hypotheses for the evolution of multiple preferences. It is interesting to note that mate choice cues in X. pygmaeus are both visual and chemical, indicating that, in general, signals may be communicated through difference sensory modalities. Assessing cues that use different sensory modalities may be particularly useful if environmental conditions constrain the assessment of one or the other in some conditions. An accurate examination of female preference for multiple cues may depend on the determination of what sensory mode or modes are being used and how these different sensory modes interact (Sargent et al., 1998) .
Female mate choice in X. pygmaeus apparently results from a complex combination of multiple preferences for multiple cues. Even though the female mate preference in X. pygmaeus for large male size could lead to hybridization with the larger sympatric heterospecific males, we detected a significant preference for conspecifics when females were allowed to assess two species-specific cues in addition to body size. It is possible that there are additional factors that prevent hybridization between these two species, including preferences for additional male traits that we did not examine (e.g., acoustic or mechanosensory cues), or mate preference for conspecific females by X. cortezi males. Nonetheless, it is clear that the assessment of multiple species-specific cues can play an important role in species recognition, and at least in this case, assessing multiple cues would allow females to avoid mating with larger heterospecifics without reducing their preference for larger conspecific males.
